Lead-210 is a useful tracer in environmental studies for a wide range of applications, particularly in atmospheric research and geochronology. Liquid scintillation counting (LSC) is a commonly used measurement method for 210 Pb analysis. In the present work, to increase detection efficiency, an improved LSC technique for 210 Pb determination was developed. After adding lead carrier, samples were decomposed with mineral acid in closed digestion vessels. Using extraction chromatography with Sr resin, 210 Pb was selectively separated and precipitated as lead oxalate. Following re-dissolution, the solution was mixed with a scintillation cocktail and measured by a liquid scintillation counter. In this study, all the spectral regions with peaks of 210 Pb, 210 Bi, and 210 Po were used to calculate the activity of 210 Pb; this is in contrast to the existing method, which divides the spectra into three regions according to energy level, and then selects only the 210 Pb region. The method in this study also addresses a procedure for correcting blank values to account for 210 Pb activity in the Pb 2+ carrier. This measurement technique, using the spectral regions of 210 Pb, 210 Bi, and 210 Po, exhibited more than twice the detection efficiency of the conventional method using only the 210 Pb spectrum region. This measurement technique is expected to be a useful method for 210 Pb analysis of environmental samples that show low activity, and when sample amounts are limited.
Introduction
Lead-210 is a member of the 238 U decay series, with a half-life of 22.3 years. It decays to 210 Bi (half-life: 5 days) by emitting β and γ rays; 210 Bi decays to 210 Po (half-life: 138 days). 210 Pb originates from 222 Rn (half-life: 3.8 days) escaped from the crust and exists adsorbed to aerosol particles in the atmosphere [1] . Since it is a naturally occurring radionuclide it is widely distributed in the soil, atmosphere, and water. It has been used as an indicator of continental air [2] , a tracer in food chain studies [3, 4] , and in age-dating of environmental materials [5, 6] . Considering the toxicity of lead and its impact on humans and the environment [7, 8] , it is important to study and evaluate 210 Pb.
There are several methods of analyzing 210 Pb, including indirect measurements of 210 Po by alpha spectrometry [9, 10] or 210 Bi using a proportional counter [11, 12] ; and direct measurement of 210 Pb using gamma spectrometry [13, 14] . However, it takes a long time for the ingrowth of 210 Po and 210 Bi from 210 Pb before it can be measured by indirect methods [15] . Gamma spectrometry is an analytical method using the low energy peak (46 keV) of 210 Pb decay; this method has a relatively low detection efficiency. It also requires critical consideration of corrections during gamma detection because self-absorption occurs due to the low γ emission energy of 210 Pb during measurement [16, 17] .
The determination of 210 Pb by liquid scintillation counting (LSC) is more rapid than other techniques, because 210 Pb is measured directly with its daughters. Vajda et al. [18] divided the LSC spectra of 210 Pb measurement into three regions ( 210 Pb + 210 Bi, 210 Bi, and 210 Bi + 210 Po) to eliminate the effects of 210 Bi and 210 Po, which can interfere with observation of the 210 Pb peak after extraction chromatography with Sr Resin (referred to hereinafter as the "3-Windows method") [18] . Meanwhile, for the chemical separation 1 3 of 210 Pb, precipitation, extraction chromatography, etc. have generally been employed [19] [20] [21] .
In this study, a 1-Window method using the entire spectra of 210 Pb, 210 Bi and 210 Po was newly developed and evaluated to increase the detection efficiency of 210 Pb. 210 Pb activity naturally included in the Pb 2+ carrier was also discussed because of the potential for overestimating 210 Pb activity in Pb 2+ carrier without correction.
Experimental

Materials
Analytical grade reagents and deionized water (Milli-Q direct 16 system, Millipore) were used for sample preparation. To determine detection efficiency, a 210 Pb standard source (National Institute of Science and Technology) was diluted to approximately 10 Bq g −1 with 1 M HNO 3 . An ULTIMA GOLD AB (PerkinElmer Inc.) liquid scintillation cocktail was used as the working standard solution for liquid scintillation counting. A certified reference material (IAEA-447) was used to verify the analytical methods.
Radiochemical procedure
To decompose soil samples (IAEA-447) before chemical separation, the acid digestion method using closed vessels was used. About 30 mg of Pb 2+ carrier, prepared with Pb(NO 3 ) 2 , was added with the soil sample (IAEA-447) into a PFA (Perfluoroalkoxy alkane) closed digestion vessels (Savillex Co.). After adding the mixed acid (16 ml of 48% HF, 4 ml of 70% HClO 4 , and 4 ml of 70% HNO 3 ), the vessel was tightly closed with screw cap and heated up to 180 °C for over 6 h. After that, solutions were evaporated to dryness at 130 °C. To completely eliminate the hydrofluoric acid remaining in the sample, 30 ml of nitric acid was added in the vessel and evaporated to dryness. This step was repeated twice. The dryness was dissolved with 30 ml of 2 M HCl. Before the separation of Pb, 3 g of Sr resin (Eichrom Technologies, Inc., 100-140 μm) preconditioned with deionized water for 1 h was packed into a column and then rinsed with 100 ml of 1 M HNO 3 and 100 ml of 2 M HCl. The dissolved solution was loaded into the column. To recover the remaining solution in the beaker containing the sample, the beaker was rinsed twice with 5 ml of 2 M HCl and loaded into the column. The column was then rinsed with 90 ml of 2 M HCl and 85 ml of 6 M HNO 3 sequentially to eliminate 210 Bi, 210 Po, and other interference ions from the column. Finally, 210 Pb was eluted with 60 ml of 6 M HCl. The detailed chemical procedure for the separation of Bi, Po, and Pb was described in a previous study [18] . After the eluate ( 210 Pb fraction) was evaporated to dryness with 1 ml of 75% HNO 3 three times to convert the lead chloride to lead nitrate, the dryness was dissolved with 20 ml of 1 M HNO 3 and then heated before boiling. 0.3 g of oxalic acid (Wako Pure Chemical Industries, Ltd.) was added to the hot solution and the pH of the solution was adjusted to about 5 with NH 4 OH using pH paper to form lead oxalate precipitate. The precipitate was filtered by pre-weighed filter paper. The filtrate together with the filter paper was dried in an oven at 50 °C for at least 30 min. After cooling in a desicator, the filtrate (lead oxalate) with the filter was weighed to calculate the chemical yield. The filtrate with the filter paper was dissolved in 1 ml of 6 M HNO 3 and mixed with 15 ml of cocktail (Ultima gold™ AB) in a 20 ml PFA LSC vial. To determine counting efficiency, the 210 Pb standard source and 30 mg of Pb carrier were added to about 20 ml of deionized water and then subjected to the same procedure as described above. For the correction of background counting coming from Pb 2+ carrier, 30 mg of Pb 2+ carrier was added to 20 ml of deionized water, and then subjected to the same procedure as described above. All samples were measured for 300 min by a liquid scintillation counter (1220 Quantulus EG & G Wallac Oy). 1 ml of 6 M HNO 3 , 15 ml of cocktail, and filter paper were also prepared to determine the value of the filter blank. The spectra were analysed using Easyview software (EG & G Wallac Oy).
Results and discussion
The conventional 210 Pb measurement method (3-Windows method) was also performed to compare results with the measurement method (1-Window method) developed in this study. In the 3-Windows method, the sample spectra can be divided by three windows, A (Ch. 125-390), B (Ch. 391-480), and C (Ch. 481-750) ( Fig. 1 ). The window A is composed of a 210 Pb beta peak and a low energy region of the 210 Bi beta peak; on the other hand, the B window is only in the 210 Bi middle region. The C window is the sum of 210 Bi in the high energy region and the 210 Po alpha peak. Meanwhile, the 1-Window method is a simple tool that uses all counts, from the initial channel of the spectra (125) to the end channel (750) of the spectra.
3-Windows method
The counting efficiency of the 3-Windows method was calculated from the counts of the 210 Pb standard source using the following formula:
where C(A) std and C(B) std are the counts of the standard solution spiked 210 Pb (cpm) in windows A and B, respectively, C(A) p-blk and C(B) p-blk are the counts of the deionized water and Pb 2+ carrier treated in same way as sample (cpm) in windows A and B, respectively, C(A) f-blk and C(B) f-blk are the counts of the filter paper, 6 M HNO 3 and cocktail (cpm) in windows A and B, respectively, net C(A) std and net C(B) std are the counts subtracted C f-blk from C std (cpm) in windows A and B, respectively, net C(A) p-blk and net C(B) p-blk are the counts subtracted C f-blk from C p-blk (cpm) in windows A and B, respectively, f y is the tailing factor (ratio of counts of 210 Bi in A window to those in B window), Y std and Y p-blk are the chemical yields of standard solution and procedure blank and sample, respectively, α is the activity of the added 210 Pb source (Bq g −1 ), ω is the weight of the added 210 Pb source (g), λ is the decay constant of 210 Pb (day −1 ), t is the time interval between the reference date of the standard source and the time of measurement (day).
In general, a blank correction should be performed by using the measurement value of the procedure blank used with just the Pb 2+ carrier in order to determine the accurate value. However, the 210 Pb activity of Pb 2+ carrier blank was not considered in the previous studies [18, 19] . It is important to correct the 210 Pb activity of the sample with the 210 Pb It is necessary to verify the correlation of the counts of the Pb 2+ carrier blank and the chemical yield when using the carrier gravimetric method. Because the chemical yields of the sample and the procedure blank are not always the same, subtraction of the Pb 2+ carrier in the sample is not simple. As a result of preliminary experimentation, it is supposed that this is an effect of the 210 Pb because of the highly positive correlation (r 2 = 0.9855) between the yield and the counts of the carrier corrected as a tailing factor, f y , in the A region (Fig. 2 ).
1-Window method
The 3-Windows method is a common technique used in many previous studies to eliminate the effects of the 210 Bi beta and 210 Po alpha peaks and to verify the 210 Pb beta peak [18, 20] . This method has the advantage that it takes only a few hours to determine the activity of 210 Pb; however, it is not simple to accurately verify the 210 Pb peak in the initial time period, due to the interference of 210 Bi. Because the 210 Bi counts are quite low in the initial time period, a contributable portion of 210 Bi in the A window is not clear, especially in small-quantity environmental samples.
Fig. 1 Comparison of spectral regions of the (a) 3-Windows method and (b) 1-Window method
In this study, the detection efficiency (ɛ) of the 3-Windows method was found to be 0.76. Samples showing relatively high activity were well detected using the 3-Windows method; however, the analytical results of 210 Pb in low-level samples showed a risk of high uncertainty. Therefore, it is necessary to improve the measurement technique, to make it more precise and reproducible, and provide high detection efficiency compared to that of the 3-Windows method.
We developed an improved analytical technique, the 1-Window method, with high detection efficiency for lowlevel environmental samples. The detection efficiency was simply increased by using the entire spectrum (channel from 125 to 750) instead of dividing the three windows based on the energy. When the 1-Window method is used, it can produce higher detection efficiency as time passes. Because 210 Pb decays to its daughters, 210 Bi and 210 Po, the total alpha and beta counts increase (Fig. 3) . It has the advantage of the more than twice higher detection efficiency as compared with the 3-Windows method. The detection efficiency was calculated using the following equation:
where C(W) std is the counts of the 210 Pb standard solution (cpm) in the entire window, C(W) p-blk is the counts of the Pb 2+ carrier treated in the same way as sample (cpm),
net C(W) std is the counts subtracted C f-blk from C std (cpm), net C(W) p-blk is the counts subtracted C f-blk from C p-blk (cpm), α is the activity of a 210 Pb source (Bq g −1 ), ω is the weight of the 210 Pb standard source (g), λ is the decay constant of 210 Pb, t is the time interval between the reference date and the time of measurement (day).
At a point 240 h after 210 Pb extraction from the resin, the efficiency of the 1-Window was approximately twice that of the 3-Windows method. The efficiency of the 1-Window continuously increased and reached 1.9 after 1000 h (about 42 days). It is possible to determine the 210 Pb activity in the samples through ingrowth for 5 times half-lives of a daughter nuclide, even when it is difficult to measure samples because of low activity or small sample quantity. The detection efficiency of the 1-Window method over time can be expressed as follows:
In this equation, t is the time interval between 210 Pb extraction from the resin and its measurement in LSC.
The count of the procedure blank also increases with time ( Fig. 4) . The 210 Pb activity of the blank, corrected according to the chemical yield with time, can be derived from the preliminary experiment as following equation. Because the procedure blank counts and the detection efficiency over time can be obtained through the equations mentioned above, the 210 Pb activities of samples can be easily determined using the 1-Window method from the following equation:
This method was verified using a certified reference material (IAEA-447). The analytical values were in good agreement (within 1%) of the certified value (Table 1) .
Comparing the 210 Pb activities analyzed with the 1 and 3-Windows methods, both satisfied the certified value of CRM (IAEA-447). The standard deviations of the two methods were 9.8 and 15, respectively, in Table 1 . This suggests that the 1-Window method is more precise and reproducible over time, and higher in detection efficiency (~ 180%), than the 3-Windows method.
The minimum detectable activity (MDA) was evaluated according to the Currie (1968) [22] .
Where m is the mass of the sample (kg), T is the sample measurement time, ɛ is the measurement efficiency of the instrument (LSC), Y is the radiochemical yield, L d is the lower limits of detection, σ B is the standard deviation of background counts in window A.
There were also some differences in the MDA of the 1-Window and 3-Windows methods. The MDA of the 3-Windows (33 Bq kg −1 ) method was higher than that of the 1-Window (15 Bq kg −1 ) method. This means that the 1-Window method has the advantage of using a smaller amount of sample, which is important for environmental samples such as rainwater or atmosphere.
Conclusions
A new approach for the determination of 210 Pb by the liquid scintillation counting of 210 Pb and its progenies ( 210 Bi, 210 Po) has been proposed. The developed measurement method (the 1-Window method) demonstrated a detection efficiency about two times higher than that of the conventional method (the 3-Windows method). The standard deviation of repeated net C(W) p-blk Y p-blk = 3.1986 + 3.3485 1 − e −0.0030t
measurement results was also lower for the 1-Window method than for the 3-Windows method. The analytical method was verified using a standard reference material (IAEA-447) and there was good agreement between the certified value and the analytical results obtained by the 1-Window and 3-Windows methods. The possibility of correcting for the effects of 210 Pb existing in the Pb 2+ carrier was also suggested in this study. This new measurement method, because of its increased detection efficiency and reproducibility, is expected to be useful for the analysis of 210 Pb in various environmental samples.
